Introduction
The transparent optical network of the future promises to provide a significant increase in capacity and bandwidth utilization by circumventing optical-electronic-optical (O-E-O) conversion in routers, and by enabling high-speed optical packet switching. However, before transparency is realized, a number of challenges must be faced. Many optical switching technologies are available today, but they are yet to reach a level of maturity in terms of complexity of production and operation, reproducibility, and power consumption, which can enable cost effective mass production. In this paper the most promising technologies and schemes for realizing all-optical wavelength conversion, regeneration, and logic functionalities are reviewed and discussed.
Wavelength conversion
All-optical wavelength conversion (AOWC) will be required in cross connects to facilitate transparent switching of WDM channels [1] , and to maximize bandwidth usage. With conversion capabilities, wavelength assignment can be done locally, on a link-basis, reducing the need for point-to-point capacity and wavelength count [2] . Moreover, wavelength conversion will be an essential functionality in a packet switching scenario, for resolving contention issues.
The main technical requirements to AOWCs are high-speed operation, large optical bandwidth, low power consumption and polarization dependence, large input power dynamic range (IPDR) and output power, and finally mechanical stability and simple operation. The only available technologies that can potentially fulfill all of the above are the semiconductor optical amplifier (SOA) and possibly the electro-absorption modulator (EAM). Lack of mechanical stability and large power consumption make solutions based on fiber-nonlinearities impractical in real systems. All SOA-based wavelength conversion schemes exploit cross-gain modulation (XGM), cross-phase modulation (XPM), or four-wave mixing (FWM), where XGM, and particularly XPM, are the most interesting from a systems perspective, due to higher conversion efficiency. The XGM configuration is very simple and stable, as it requires only a single SOA and a 2:1 coupler to combine an intense data signal with a continuous wave (cw) or pulsed probe at a new wavelength. The probe intensity is modulated by the input data signal via the SOA gain, thereby transferring the digital information onto the new optical carrier, where it is logically inverted compared to the input. Traditional XGM has been demonstrated at 40 Gb/s [3] , but by employing a pulse-shaping filter at the SOA output, a XGM-AOWC was pushed to 100 Gb/s [4] .
The drawback of XGM is the need for a large input data power to introduce a large gain modulation, and the associated large chirp imposed on the converted signal. Interferometric wavelength converters (IWCs), containing one or more SOAs address the problems of XGM, since they rely on the creation of a π-phase shift on the probe through XPM. This can be achieved with fairly moderate data signal power, which then decreases the chirp due to a smaller phase modulation. Due to the inherently nonlinear transfer function of IWCs, they all posses regenerative capabilities, which generally ensures a high extinction ratio of the converted signal. Several different interferometric configurations have been used to construct IWCs, e.g. the Mach-Zehnder (MZI) [5] and Michelson (MI) interferometers [6] , and the delayed interference signal converter (DISC) [7, 8] , which have all been integrated. The IWCs may be divided into two groups: differential-mode and standard-mode converters, depending on whether they rely on a differential phase shift or not. The differential-mode enables operation at significantly higher bitrates due to cancellation of the long-lived SOA phase recovery. Whereas the MZI and MI can be operated in both modes, the DISC is specifically designed for the differential scheme. Wavelength conversion at 168 Gb/s has been realized with a hybrid implementation of the DISC, and at 100 Gb/with a fully integrated version [7] . Standard-mode operation, which is simpler and more flexible, due to the lack of differential control, has been demonstrated at 40 Gb/s [5, 9] , and for the first time at 80 Gb/s in this paper, using an all-active MZI. The results are shown in Fig. 1 as a comparison of back-to-back (btb) and wavelength converted bit patterns, recorded with a 50 GHz photo diode. An inherent problem with IWCs is the limited IPDR of a few dBs at 40 Gb/s [5] . MZIs with active data input sections have been shown to increase this figure to 8 dB [5] by controlling the gain of the input section. However, a 40 Gb/s OAWC based on XPM in a single SOA followed by a MEMS-based pulse reformatting optical filter (PROF), was recently demonstrated with an open-loop IPDR of 11 dB [10] . This is an important step forward, as it eliminates the need for feedback control, which simplifies operation and saves cost. For all-optical solutions to provide a realistic alternative to electronics the overall power consumption must be reduced. For the AOWC in [10] the best performance for polarity-inverted operation is obtained for a bias current of 700 mA and an average data input power of only -8 dBm (conversion remains error-floor free for input powers down to -16 dBm). In [11] , a similar 40 Gb/s AOWC operating in a data polarity-preserving mode was demonstrated with an input data power of -12.5 dBm, and a bias current of only 300 mA.
Regeneration
All-optical 3R regeneration will be required in a transparent optical network to restore signals impaired by transmission. Since 3R regeneration must be carried out on a per-channel basis, parameters such as footprint, power consumption, and ultimately cost are very important, which again leaves SOA-based devices as prime candidates. As mentioned previously all IWCs are 2R regenerative, i.e. reshaping. By recovering the clock from the incoming data stream, using an optoelectronic, or all-optical clock recovery technique [12] , the IWC can be used as a decision element, encoding the 2R regenerated data onto the synchronized and stable clock, thereby retiming the signal. Regenerators that do not rely on wavelength conversion, the so-called pass-through regenerators, are less attractive from a systems perspective, as they are unable to restore the optical signal to noise ratio (OSNR), which ultimately limits cascadability. Most experiments with optical regeneration are carried out with a single regenerator. This is sufficient for demonstrating that noise is being redistributed, but it is impossible to quantify the regenerative capability because receiver artifacts determine a potential sensitivity improvement. A re-circulating loop experiment is necessary to verify that the regenerator indeed extends the maximum transmission distance. To our knowledge, loop experiments with SOA-based 3R regenerators have so far not been demonstrated at bitrates above 40 Gb/s [13, 14] , whereas a 160 Gb/s fiber-based regenerator was recently presented [15] . The fastest SOA-based single-regenerator demonstration is believed to be the polarization discriminating symmetric MZI (PD-SMZ) operated at 84 Gb/s [16] .
All-optical logic
Wavelength conversion and regeneration are likely to be implemented much earlier than any optical logic functionalities, due to their higher level of technical maturity. The lack of an optical random access memory (ORAM) sets a limit to the complexity of functions that can be implemented. However, the Boolean logic functions AND, OR, XOR, NOT, etc., have all been realized using primarily MZIs and ultra-fast nonlinear interferometers (UNI: fiber/SOA hybrid of PD-SMZ), with logic XOR being the most interesting, since it can be used to implement simple, but useful functions such as pattern recognition [17] [18] [19] , and parity checking [20] . The pattern recognition schemes may be applicable for address comparison in future very-high-speed optical packet switched networks (>40 Gb/s), provided that the overall complexity, footprint, and cost is reduced compared to an electronic solution. The same applies to optical parity checking, which can be used as part of a performance monitor, verifying the data integrity in the optical domain. Logic XOR, implemented using an all-active MI, has also been employed in a simple label-swapping scheme [6] with promising results.
Conclusions
Technologies and schemes for all-optical wavelength conversion, regeneration, and logic functionality have been reviewed. The performance in terms of speed is excellent for all three functionalities, with demonstrations at 168 Gb/s for wavelength conversion, 84 Gb/s for 3R regeneration, and 100 Gb/s for all-optical logic (pattern recognition). These impressive speeds far exceed the modulation bandwidth of SOAs, and are made possible due to the employment of the differential-mode of operation. Great progress is made in reducing power consumption and production/operation complexity, which brings optical signal processing closer to implementation in the network.
